We investigate the unidirectional transmission behavior of photonic crystal ͑PC͒ molecules consisting of nonlinear defect pairs by use of the coupled mode theory and the finite-difference time-domain technique. As compared with the all-optical diodes based on single asymmetrically confined PC defects ͑or PC atoms͒, a significant enhancement in the transmission contrast is achieved. A qualitative comparison of the dynamical response to external excitation is carried out for nonlinear PC atoms and molecules and the physical origins responsible for the enhancement of transmission contrast are clarified. In addition, the tolerance of the resulting optical diodes against the fabrication error is discussed. Furthermore, it is revealed that the figure of merit, which is defined as the product of the threshold transmission and the transmission contrast, can be greatly improved by dropping the use of air defects. Some abnormal and intriguing transmission behaviors are observed in the PC molecules without using air defects.
I. INTRODUCTION
Photonic crystals ͑PCs͒ formed by the periodic modulation of dielectric constant or refractive index have been demonstrated to be a promising platform on which various functional devices such as waveguides, delay lines, filters, switches, lasers, etc., can be created. [1] [2] [3] [4] [5] [6] [7] So far, these PCbased devices have received intensive and extensive studies, both theoretically and experimentally. In comparison, less effort has been devoted to all-optical diodes, which are considered to be one of the key components for all-optical signal processing in the future, due mainly to the difficulties in construction. The idea for PC-based all-optical diodes was proposed by Scalora et al. 8 It relies on the dynamical shift of the band edges of nonlinear PCs. With the advance in the research of nonlinear PCs, all-optical diodes are attracting more and more attention. Several years ago, Mingaleev et al. suggested an all-optical diode based on a line-defect waveguide in which the constitutional PC defects with nonlinearity were arranged in an asymmetric fashion. 9 Very recently, Feise et al. investigated the bistable diode action in an asymmetric multilayer structure constructed by alternate slabs of conventional and left-handed materials. 10 From the previous studies of all-optical diodes, it has been realized that asymmetric configuration and nonlinearity are two basic conditions for the construction of all-optical diodes. With this principle in mind, we recently proposed an all-optical diode based on a single asymmetrically confined PC defect ͑or PC atom͒ with Kerr nonlinearity. 11 It was created by drilling air holes in a conventional slab waveguide made of a Kerr material. Similar structures with symmetric or asymmetric confinement have been proposed and demonstrated for optical filters and all-optical switches. 12, 13 The motivation for studying such kind of structure arises from the feasibility of making devices on Si/ SiO 2 or GaAs/ AlGaAs heterostructures. 12, 14 When a single PC atom with Kerr nonlinearity is excited by an external pump with a detuning, a sharp transition in the transmission occurs when the excitation power density reaches a certain level which is generally referred to as the threshold for the transmission transition. 15 In the device we proposed, the threshold for the transmission jump exhibits a strong dependence on the launch direction of the input wave. 11 It originates from the different coupling strengths of the PC atom with the incident wave in the two launch directions due to the asymmetric confinement. Consequently, the device exhibits to some extent a unidirectional transmission behavior when the power density of the input wave is set in between the two thresholds. Due to the asymmetric confinement of the PC atoms, however, the maximum transmission ͑or the threshold transmission͒ that can be achieved is not large enough for practical applications. Furthermore, a theoretical analysis based on the coupled mode theory ͑CMT͒ reveals that there exists an upper limit of only 9 for the transmission contrast in such devices. 11 Therefore, it seems necessary to explore the possibility of using other nonlinear PC structures for the construction of all-optical diodes.
Several years ago, Lan and Ishikawa introduced the concept of PC defect pairs and proposed the use of coupled cavity waveguides ͑CCWs͒ composed of defect pairs with nonlinearity for realizing all-optical switching. 16 Physically, the most important feature of a PC defect pair is that the two constitutional PC defects are almost indistinguishable in the linear case and such degeneracy will be removed by introducing nonlinearity into the defect pair. Thus, we realize that this unique feature is a potential for building all-optical diodes because the structure is almost symmetric in the linear case, leading to a higher threshold transmission. In this article, we propose the use of PC molecules composed of nonlinear defect pairs for the construction of all-optical diodes and investigate the optimization of the constitutional defect pairs for efficient unidirectional transmission. The paper is organized as follows. In Sec. II, we address the unique feature of the PC molecules consisting of nonlinear defect pairs. The structure of the PC molecules to be studied and the simulation method to be employed are described in Sec. III. Then, we examine the transmission behavior of the PC molecules by numerical simulations and analyze the physical origins for the enhancement of transmission contrast in Secs. IV and V, respectively. After that, the major difference in dynamical response between nonlinear PC atoms and molecules is clarified in Sec. VI. while the influence of the fabrication error on the performance of the resulting all-optical diodes is discussed in Sec. VII. In Sec. VIII, we indicate the existence of a trade-off between the threshold transmission and the transmission contrast, showing that the product of these two quantities can be used as a figure of merit to characterize the efficiency of optical diodes. In Sec. IX, we demonstrate a significant improvement in the figure of merit achieved by deliberately choosing the defect pairs and show some abnormal and intriguing transmission behaviors. Finally, we summarize our research results in the conclusion.
II. UNIQUE FEATURE OF PC MOLECULES CONSISTING OF DEFECT PAIRS
We define a PC defect pair as two defects of different sizes but with the same resonant frequency. 16 In general, a defect pair is composed of an acceptor defect and a donor defect. Although the two constitutional defects may have slightly different peak transmissions and quality ͑Q͒ factors, they can form a PC molecule through coupling, similar to that in the conventional PC molecule composed of two identical PC atoms. 16 When the differences between the two constitutional PC atoms in the PC molecule are negligible, the two PC atoms are indistinguishable as far as the linear transmission is concerned. Thus, the configuration of the resulting PC molecule can be regarded as symmetric. When nonlinearity is introduced into the defect pair, however, the symmetry in the structure is broken due to the different responses of the two PC atoms to the excitation of external pump. As a result, the PC molecule will exhibit to some extent unidirectional transmission behavior. Comparing with the single asymmetrically confined PC atoms we studied previously, one major difference is that the defect pair is approximately symmetric in the linear case while the symmetry can be easily removed through the different responses of the constitutional PC atoms. On the other hand, the two PC atoms in the PC molecule are correlated through linear coupling and the dynamical response of the PC molecule will be much more complicated. It is expected that the all-optical diodes made of such PC molecules will possess higher threshold transmissions and larger transmission contrasts.
III. STRUCTURE OF NONLINEAR PC MOLECULES AND SIMULATION METHOD
The basic structure of the PC molecules to be studied in this paper is schematically shown in Fig. 1͑a͒ . The two constitutional PC atoms are indicated by the dashed boxes. To illustrate the physical mechanism while simplifying the simulation task, a two-dimensional ͑2D͒ PC consisting of a square lattice ͑15ϫ 10͒ of dielectric rods is used to construct the PC molecules. The dielectric rods have a refractive index of n 0 = 3.4 and a radius of 0.2a, where a =1 m is the lattice FIG. 1. ͑a͒ Basic structure of the 2D PC molecules consisting of defect pairs with Kerr nonlinearity studied in this paper. ͑b͒ Schematic of a PC molecule composed of a defect pair that can be realized in practice. ͑c͒ Linear transmission spectrum of the 2D PC molecule ͑thick solid curve͒ in which the radii of the two defects are 0.2816a ͑defect A͒ and 0 ͑defect B͒, respectively. The spectra of the two constitutional PC atoms ͑thin dashed curve for atom A and thin dotted curve for atom B͒ are also provided for reference.
constant of the 2D PC. The first band gap of the 2D PC for the electromagnetic waves with a transverse magnetic polarization ranges from 0.2824͑2c / a͒ to 0.4258͑2c / a͒. The donor and acceptor defects forming the defect pair are created by increasing and decreasing the radii of the central rods in the two PC atoms to r A and r B , respectively. In the following, the donor and acceptor defects are denoted as defects A and B while the atoms they belong to are named as atoms A and B. In addition, we assume that both defects are made of a material with Kerr nonlinearity. It implies that we have n͑x , z͒ = n 0 + n 2 E 2 ͑x , z͒ in the two defects, where n 2 = 0.01 m 2 / W is the nonlinear coefficient of the material and E 2 ͑x , z͒ is the local electric field intensity. Obviously, this model is simple and helpful for understanding the dynamics of nonlinear PC molecules and the physical mechanism of unidirectional transmission. In practical fabrications, we generally use a conventional slab waveguide with deliberately arranged air holes to construct such PC molecules. One example is shown in Fig. 1͑b͒ . In this case, the PC molecule is formed by drilling air holes in a conventional slab waveguide with Kerr nonlinearity. The two defects in the PC molecule are created by increasing the separation between the two neighboring air holes from b to 1.34b and 2.088b, where b is the lattice constant of the onedimensional ͑1D͒ PC. We have confirmed that most of the phenomena described in this paper can be found in this PC molecule that can be easily fabricated in practice. Therefore, the physical mechanism and design criteria for all-optical diodes derived by using the PCs based on dielectric rods in air can be easily extended to the PCs formed by drilling air holes in high-index materials. In this paper, the nonlinear finite-difference time-domain ͑FDTD͒ technique is used to simulate the transmission behaviors of nonlinear PC molecules. 17 In the numerical simulations, a grid size of a / 16 and a perfectly matched layer boundary condition are employed.
IV. TRANSMISSION BEHAVIOR OF NONLINEAR PC MOLECULES
The first issue we are facing is how to construct a PC molecule with a nonlinear defect pair that acts as a highly efficient all-optical diode. Intuitively, it seems that there are two principles for the selection of the donor and acceptor defects in the defect pair. One is to maximize the difference in the nonlinear response between the two PC defects so that a pronounced unidirectional transmission behavior is anticipated for the PC molecule. Another is the achievement of a flat or quasiflat transmission spectrum for the PC molecule, in contrast to the spectrum of a conventional PC molecule that contains a pair of bonding and antibonding states. Apparently, the first requirement is fulfilled by choosing an air defect as the acceptor defect. Correspondingly, the radius of the donor defect can be easily determined to be 0.2816a according to the definition of defect pairs. Thus, we have r A = 0.2816a and r B = 0. Incidentally, the resulting PC molecule also possesses a transmission spectrum whose top is flat. The transmission spectrum of the PC molecule in the linear case obtained by the FDTD simulation is shown in Fig. 1͑c͒ . The spectra of the constitutional PC atoms are also provided for reference. It is obvious that the spectrum has a single peak which is located at 0.3772͑2c / a͒. We also notice that the linewidth of the PC molecule, estimated to be 4.3ϫ 10 −4 ͑2c / a͒, is slightly narrower than those of the constitutional PC atoms. Now let us examine the transmission behavior of the PC molecule under the excitation of continuous waves ͑cws͒ with appropriate detunings. It is expected that the PC molecule will exhibit a response similar to that of a single nonlinear PC atom. To confirm this, we launch a cw with a frequency detuning of ␦ = 3 into the PC molecule from the top and bottom directions, respectively. The frequency detuning is defined with respect to the specific nonlinear defect mode, i.e., ␦ = ͑ 0 − in ͒ / ␥, where 0 and ␥ are the resonant frequency and linewidth of the specified nonlinear defect mode and in is the frequency of the input wave. Here, the frequency detuning ␦ is defined with respect to defect mode A. In both cases, the power density of the input wave P in is gradually increased while the transmission through the PC molecule is recorded. The simulated results are presented in Fig. 2 .
As expected, it is observed that for both launch directions a sharp increase in the transmission occurs when the input power density reaches a threshold, similar to the case of a single nonlinear PC atom. Physically, this phenomenon originates from the shift of the nonlinear defect mode towards the pump frequency that forms a positive feedback process. 15 Also, it is apparent that the threshold for the transmission jump is strongly dependent on the launch direction of the input wave. In Fig. 2 , the threshold power densities for the downward and upward input waves are estimated to be P 1 th = 0.036 W / m and P 2 th = 0.30 W / m, respectively. Obviously, there exists an order of magnitude difference between the thresholds for the two launch directions. This difference is much larger than that found in the single asymmetrically confined PC atom investigated previously.
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In addition, the transmission contrasts, which are defined as the ratio of the high transmission to the low transmission at the thresholds, are greatly enhanced as compared with the single asymmetrically confined PC atoms. In Fig. 2 , they are derived to be C 1 = 8.35 and C 2 = 11.0 at the first and second thresholds, respectively. In particular, it is remarkable that the value of C 2 exceeds the upper limit for single asymmetrically confined PC atoms that has been derived to be 9.
11 This is the most important feature of nonlinear PC molecules and it arises mainly from the linear coupling of PC atoms. Another difference is that the two threshold transmissions are generally different in PC molecules while those in PC atoms appear to be the same. If we excite the PC molecule at a lower frequency ͑or with a larger detuning͒, a further enhancement in the transmission contrast can be achieved at the expense of the threshold transmission.
V. PHYSICAL ORIGINS FOR THE ENHANCEMENT OF TRANSMISSION CONTRAST
Physically, there are three reasons that are responsible for the enhancement of the transmission contrast achieved in the nonlinear PC molecules proposed and studied in this paper.
First, it is the linear coupling between the two constitutional PC atoms that contributes to the enhancement of the transmission contrast. This is true even for conventional nonlinear PC molecules. The mechanism can be easily understood by a simple analysis based on the CMT. In the previous study of the unidirectional transmission behavior of nonlinear PC atoms, the transmission through the PC atoms in the steady state has been derived to be
where p in and p out are the input and output powers, is the resonant transmission in the linear case, p 0 represents the characteristic power, and ␦ denotes the frequency detuning.
In general, p 0 is launch direction dependent, giving rise to the unidirectional transmission. From Eq. ͑1͒, one can easily find that the lower limit of T is / ͑1+␦ 2 ͒. Therefore, the maximum transmission contrast C max is proportional to ͑1 + ␦ 2 ͒ when ␦ is given. Apparently, this relationship is determined by the spectral shape of PC atoms which is generally a Lorentizian type ͓see Eq. ͑1͔͒. If we can increase the order of ␦, then the transmission contrast can be enhanced. Now let us examine the transmission of nonlinear PC molecules. Based on the CMT, we can easily derive the transmission through a PC molecule as
Here, the transmission is expressed as a function of ␦ = ͑ 0 − ͒ / ␥ instead of , where 0 and ␥ are the resonant frequency and linewidth ͑or decay rate͒ of the constitutional PC atoms. The parameters involved in Eq. ͑2͒ are given by
where ␥ 1,2 ͑␥ 3,4 ͒ represent the decay rates of the top ͑bottom͒ atom in the upward and downward directions; ␥ is the total decay rate of the top ͑␥ = ␥ 1 + ␥ 2 ͒ or bottom ͑␥ = ␥ 3 + ␥ 4 ͒ atom, depending on whether ␦ is defined with respect to the defect mode of the top or bottom atom; is the phase shift of the electromagnetic waves propagating in between the two atoms.
It can be seen from Eq. ͑2͒ that the highest order of ␦ has been increased to 4 through the coupling of two defects. Physically, it indicates that the spectra of PC molecules possess steeper edges on both sides. This feature is clearly manifested in Fig. 1͑c͒ . As a result, the transmission just before the sharp transition is much lower while the decay of the transmission after the sharp transition is much faster. The former behavior leads to a higher transmission contrast at the first threshold, while the latter one in combination with the large separation between the two thresholds result in an enhancement in the second transmission contrast. In addition, the parameters P 3 and P 5 lead to a further reduction in the transmission, or correspondingly a further increase in the transmission contrast, if the condition of tan Ͼ 0 is satisfied. Hence, it explains why the significant enhancement in transmission contrast can be achieved in nonlinear PC molecules. Second, the use of PC molecules consisting of nonlinear defect pairs ensures a high linear transmission. Actually, transmission contrast is not the only parameter that characterizes the efficiency of optical diodes. From the viewpoint of practical applications, the absolute transmission at the on state is another important parameter that reflects the usefulness of the resulting optical diodes. Basically, it is determined by the resonant transmission in the linear case. In the case of asymmetric confinement, the difference between the characteristic powers for the two launch directions is enlarged with increasing asymmetry, leading to an increase in the transmission contrast. However, the increase in the transmission contrast by this way is achieved by scarifying the resonant transmission. In this paper, we propose the use of PC molecules consisting of nonlinear defect pairs for the construction of optical diodes. Since the defect pairs have the same frequency, the resonant transmission in the linear case is high and the asymmetry is introduced by the different nonlinear responses of the two defects to external excitation. In other words, such PC molecules possess not only the feature of conventional PC molecules mentioned above but also the advantage of a high resonant transmission. Therefore, it is anticipated that a significant improvement in the performance of the resulting optical diodes can be achieved by employing such PC molecules.
Finally, the large difference in the nonlinear responses ͑or thresholds͒ of the two PC atoms to the external excitation also leads to the increase of the transmission contrast. Because of the large difference, the low transmissions at the two thresholds are very small, resulting in large transmission contrasts. The physical origin responsible for this phenomenon can be easily understood by examining the electric field intensities in the two defects when the excitations come from the top and bottom, respectively. Since the PC molecule is excited with a frequency detuning, the transmission through the PC molecule is quite low at low excitation power densities. As a result, the electric field intensity in defect A is much higher than that in defect B when the input wave comes from the top and vice versa when the input wave comes from the bottom. In our case, the appearance of the transmission jump is attributed to the shift of defect mode A. When the input wave is launched from the top, the electric field intensity in defect A is much stronger than that in defect B. As a result, the nonlinear defect mode A is easy to be shifted to the pump frequency, leading to a low threshold. In sharp contrast, the electric field intensity in defect A is quite low when the input wave is launched from the bottom. Accordingly, the shift of defect mode A is very difficult and a high threshold is observed. Therefore, it is understood why the thresholds for the two launch directions are much different in the nonlinear PC molecule.
VI. MAJOR DIFFERENCE IN DYNAMICS BETWEEN NONLINEAR PC ATOMS AND MOLECULES
Under the excitation of an external pump, the nonlinear defect mode A will be shifted to a lower frequency. As a result, the overall transmission of the nonlinear PC molecule is markedly decreased because of the reduced coupling strength between the two PC atoms. To gain a deep insight into this change, we show the evolution of the transient spectrum of the PC molecule with increasing frequency shift of defect mode A in Fig. 3 . It can be seen that the original spectrum of a single peak gradually evolves into spectra of two peaks with significantly attenuated transmissions. Here, we emphasize again that the shift of the nonlinear defect mode is dynamical. It implies that the nonlinear defect mode oscillates harmonically in between its original position and a final position dependent on the excitation power density. 19 In order to understand deeply the difference in the transmission behavior between PC atoms and molecules, we need to first clarify the difference in the dynamical response between them and the physical origin behind. Here, the use of an air defect as the acceptor defect of the defect pair greatly simplifies the analysis because only the donor defect mode will be shifted in the presence of excitations.
Apparently, the difference in the dynamical responses between PC atoms and molecules arises from the linear coupling in PC molecules which greatly modifies the response behavior of PC molecules. For a nonlinear PC atom, we have employed a dynamical shift model to describe its nonlinear response to the external pump. 19 Thus, the time-averaged spectrum for a nonlinear PC atom with a Lorentz line shape has been derived to be
where 0 and ␥ are the resonant frequency and linewidth of the defect mode. This expression is obtained based on a simplified model in which the defect mode is assumed to move uniformly in between the original and final positions. If the harmonic oscillation of the defect mode is taken into account, then the expression for the time-averaged spectrum should be written as
where is the phase of the harmonic oscillation. In Eq. ͑5͒, the dependence of the velocity of the defect mode on its position during the movement has been considered. Consequently, the contribution of each transient spectrum to the time-averaged transmission has been weighted by the staying time of the defect mode at the corresponding position. It is necessary to emphasize that the spectral shape of the defect mode remains unchanged during the movement. The situation is completely changed in nonlinear PC molecules due to the existence of linear coupling. As shown in Fig. 3 , the transient spectrum of the nonlinear PC molecule varies instantaneously with the shift of the nonlinear defect mode. Although the motion of the nonlinear defect mode is still a harmonic oscillation, the transient spectral shape of the PC molecule becomes dependent on the frequency shift of the defect mode. In other words, the timeaveraged transmission can be expressed as
where T͑ , ⌬͒ represents the transient spectrum of the PC molecule which is dependent on ⌬. This feature is in sharp contrast to that of a nonlinear PC atom whose transient spectral shape is invariant. If the frequency shift of the nonlinear defect mode is known, the transient spectrum of the PC mol-ecule can be easily calculated by utilizing the CMT. 18 However, the calculation of the time-averaged transmission of the nonlinear PC molecule is rather difficult.
VII. INFLUENCE OF FABRICATION ERROR ON DEVICE PERFORMANCE
In the practical fabrication of PCs, the size of dielectric rods or air holes cannot be accurately controlled and the fabrication error is inevitable. Therefore, it is necessary to examine the influence of the fabrication error on the performance of devices.
Let us first inspect the PC molecule in which r A = 0.2810a. Since the size of the donor defect is smaller than the normal one, the corresponding defect mode appears at the high frequency side of the air defect mode, as shown in Fig. 4͑a͒ . In this case, the separation between the two defect modes will be narrowed in the presence of the pump wave because the donor defect mode will be shifted to a lower frequency. As a result, the overall transmission and the threshold transmission will be enhanced. The transmission behaviors of the PC molecule for two different frequency detunings ͑␦ = 2 and ␦ =3͒ are shown in Figs. 4͑b͒ and 4͑c͒.
In Fig. 4͑b͒ , no sharp transitions are observed in the transmission with increasing pump power density. Instead, a gradual increase in transmission is found for both launch directions when the pump power density exceeds 0.01 W / m. Although the absolute transmissions in both directions are close to unity, there is no obvious unidirectional transmission for this pump frequency. The reason is that the frequency detuning of the pump wave with respect to the spectrum of the PC molecule is not sufficiently large. In the case of ␦ = 3, we observe a transmission behavior similar to that found in the PC molecule without the fabrication error, as shown in Fig. 4͑c͒ . However, it is found that for the same frequency detuning the two threshold transmissions are increased by a factor of 3 as compared with the PC molecule without the fabrication error. In addition, the corresponding transmission contrasts are reduced slightly at the first threshold and markedly at the second one. Meanwhile, it is noticed that the first threshold does not change so much but the second one is reduced to be about one-third of the original value. It seems that the reduction in the second threshold is responsible for the reduction of the corresponding transmission contrast.
Similarly, we have examined the PC molecule in which r A = 0.2825a. In this case, the donor defect mode appears at the low frequency side of the air defect mode, as shown in Fig. 5͑a͒ . The transmission behaviors for two frequency detunings ͑␦ = 2 and ␦ =3͒ are presented in Figs. 5͑b͒ and 5͑c͒.
According to Fig. 5͑a͒ , it is expected that the threshold transmissions of the PC molecule will be reduced when comparing with the PC molecule without the fabrication error because a shift of the nonlinear defect mode to a lower frequency is required for the appearance of the transmission transition. This feature is confirmed in the simulation results shown in Figs. 5͑b͒ and 5͑c͒ where obvious reduction in the threshold transmissions are observed. It is noted, however, that the transmission contrasts are greatly improved, especially at the second threshold. In Fig. 5͑c͒, a transmission contrast as large as 23.93 is found at the second threshold for ␦ = 3. The significant increase in the transmission contrast originates from the dramatic increase of the second threshold to about 1 W / m. Unfortunately, the corresponding threshold transmission is only about 0.04.
With the physical model for the dynamics of nonlinear PC molecules, we can easily explain the phenomena described above. As mentioned above, the sharp transition observed in the transmission of the nonlinear PC molecule with increasing pump power density originates from the shift of the nonlinear defect mode. It occurs when the final position of the nonlinear defect mode approaches the pump fre- FIG. 4 . ͑a͒ Transmission spectrum of the PC molecule in which r A = 0.2810a ͑solid curve͒. The spectra of atom A ͑dashed curve͒ and atom B ͑dotted curve͒ are provided for reference. Transmission behavior of the PC molecule for a pump frequency of 0.3770͑2c / a͒ ͑b͒ and 0.3769͑2c / a͒ ͑c͒. In Fig. 4͑c͒ , the transmission contrasts at the two thresholds ͑C 1 and C 2 ͒ are provided.
quency. Therefore, the thresholds in the downward direction for the three PC molecules ͑r A = 0.2810a, 0.2816a, and 0.2825a͒ are similar as long as the frequency detuning is the same, leading to similar transmission contrasts. In the upward direction, however, the situations for the three PC molecules are completely different. Keeping in mind that the frequency detuning is defined with respect to defect mode A and its value is the same in all cases, we can easily find that the pump frequency is closer to the resonant frequency of defect mode B for the PC molecule of r A = 0.2810a. Thus, the input wave is easier to be coupled into defect B for this PC molecule while such coupling becomes more difficult for the PC molecule of r A = 0.2825a. Consequently, the second threshold is significantly reduced in the former while it is dramatically increased in the latter. This kind of decrease or increase directly results in the reduction or enhancement in the transmission contrast.
It has been shown that a slight misalignment of the resonant frequencies of the constitutional PC defects in the defect pair has no significant influence on the performance of the resulting optical diodes. Instead, a slight improvement in device performance can be achieved by introducing an appropriate deviation in defect size. However, it seems that the allowed deviation in defect size is too small from the viewpoint of practical fabrications. For instance, the lattice constant of the PC is derived to be ϳ584 nm when the optical diodes are designed to work at 1550 nm. According to our numerical simulations, the operation of the resulting optical diodes will be deteriorated when the radius of the donor defect becomes smaller than 0.2800a or larger than 0.2830a. It implies that the fabrication error must be within the range of of ±0.5%. In this case, the deviation in defect size must be smaller than 0.88 nm which is difficult to be fulfilled by the current fabrication technology.
So far, PCs formed by drilling air holes in high-index materials are widely employed in practical applications, as shown in Fig. 1͑b͒ . In comparison, PCs formed by dielectric rods in air background are often used to illustrate the physical mechanism because they are simple to be analyzed and simulated. In Fig. 1͑b͒ , the two defects forming the defect pair are created by decreasing and increasing the distance between the neighboring air holes to 1.34b and 2.088b, respectively. If we consider the same fabrication error of ±0.5%, then the allowed deviations in defect size for the small and large defects are estimated to be about 3.9 and 6.1 nm. Based on the numerical simulations, it is found that the performance of the resulting optical diodes is not affected so much when the deviations in defect size are less than 10 nm. A fabrication error like this can be controlled by the current fabrication technology.
VIII. FIGURE OF MERIT FOR UNIDIRECTIONAL TRANSMISSION
In Figs. 2, 4 , and 5, we have observed that the transmission contrasts of nonlinear PC molecules can be enhanced by simply increasing the frequency detuning of the input wave. It is also noticed, however, that the enhancement in the transmission contrast is achieved by sacrificing the threshold transmission. Thus, it implies that there exists a trade-off between the transmission contrast and the threshold transmission. In principle, we can use the product of these two quantities as a figure of merit to evaluate the efficiency of the resulting all-optical diodes. In Fig. 6 , we show the dependence of the figure of merit on the pump frequency for two PC molecules in which r A = 0.2813a and 0.2810a. This kind of relationship is quite useful for designing all-optical diodes based on nonlinear PC molecules. Immediately, we find that for both molecules the figure of merit is insensitive to the pump frequency in the upward launch direction. In contrast, the figure of merit increases with decreasing frequency detuning in the downward launch direction. However, the condition required for observing a sharp transmission transition in a nonlinear PC atom is that the frequency detuning must be larger than 3 1/2 . 15 It is thought that a similar condition should be fulfilled for nonlinear PC molecules. Therefore, the maximum figure of merit achieved in these two PC molecules is ϳ2.5. This value is higher than that obtained in the PC molecule without fabrication error. It suggests that a slight improvement in device performance can be achieved by intentionally introducing a negative deviation in the size of the donor defect.
IX. IMPROVEMENT OF THRESHOLD TRANSMISSION AND FIGURE OF MERIT
Although we have demonstrated that the transmission contrast of all-optical diodes can be greatly improved by employing PC molecules consisting of defect pairs, the low threshold transmission ͑or the small figure of merit͒ of the resulting all-optical diodes is the key issue we need to deal with before the practical applications become possible. In the PC molecules considered above, we have intentionally chosen an air defect as the acceptor defect of the defect pair. The reason for doing so is trying to maximize the difference in the nonlinear response of the PC molecule for the two launch directions. As confirmed by the simulation results, the difference between the two thresholds has been significantly enlarged, leading to the enhancement of the transmission contrast. From the analysis given above, however, the overall transmission of the PC molecule is markedly reduced when the nonlinear defect mode is shifted away from the immovable air defect mode at high excitation densities. Apparently, dropping the use of air defect is a possible way to solve this problem. In this case, the size of the acceptor defect in the defect pair is no longer equal to zero and its response to the external excitation must be taken into account. Due to the simultaneous shifts of the donor and acceptor defects modes, the gap between the thresholds for the two launch directions will be narrowed and the threshold transmissions will be enhanced. However, we need to clarify whether the improvement in the threshold transmission is also achieved at the expense of the transmission contrast.
As an example, we have examined a PC molecule in which r B = 0.10a. Correspondingly, the radius of the donor defect r A is easily determined to be 0.3439a. The simulated transmission behaviors for two pump frequencies ͓ 1 = 0.326 64͑2c / a͒ and 2 = 0.326 45͑2c / a͔͒ are shown in Figs. 7͑a͒ and 7͑b͒, respectively. In both figures, it can be seen that the threshold for the upward input wave becomes smaller than that for the downward input wave. This situation is inverse to what we have observed in the PC molecules with air defects. It clearly indicates that the current acceptor defect mode is easier to be shifted than the donor defect mode. In other words, the acceptor defect is more sensitive to the external excitation than the donor defect. It can be seen later that this feature results in some abnormal and interesting response behaviors.
In Fig. 7͑a͒ , it is remarkable that the transmission at the second threshold is dramatically increased to 0.82. As expected, the difference between the two thresholds is greatly reduced. Surprisingly, only a small reduction in the transmission contrast ͑from 11 to 8.9͒ is observed as compared with the PC molecule with air defect shown in Fig. 2 . Consequently, the figure of merit that characterizes the efficiency of all-optical diodes is markedly enhanced to ϳ7.2, which is nearly three times larger than those for the PC molecules containing air defects. It implies that the PC molecule with current configuration is more suitable for the construction of all-optical diodes. In Fig. 7͑b͒ , it is found that the transmission behavior for a pump frequency of 2 = 0.326 45͑2c / a͒ is much different from those observed previously, especially in the downward launch direction. We can see two up transitions appearing at ϳ0.024 and ϳ0.052 W / m and one down transition occurring at ϳ0.076 W / m. So far, an interesting transmission behavior like this has not been observed in any nonlinear PCs, including atoms, molecules, and CCWs.
In order to understand the physical origin for the abnormal transmission behavior, let us inspect the distribution of the electric field in the two constitutional PC atoms. Actually, the response or the sensitivity of a nonlinear PC defect to external excitation is governed by the electric field distribution inside the PC atom. While the electric field intensity is concentrated on the acceptor defect, a node in the electric field intensity appears at the center of the donor defect. 20 Thus, it is anticipated that the acceptor defect is more sensitive to the external excitation than the donor defect. This feature is confirmed by the lower threshold in the upward launch direction. With this in mind, we can qualitatively explain the abnormal transmission behavior observed in the downward launch direction. When the input power density is low, only the donor defect mode is shifted and the shift of the acceptor defect mode is negligible. In this case, the PC molecule exhibits a response similar to that with air defect. Thus, the first up transition in the transmission occurs when the donor defect mode is moved to the vicinity of the pump frequency. With increasing input power density, the field intensity in the acceptor defect is increased and the shift of the corresponding defect mode is no longer negligible. Since the acceptor defect is more sensitive to the excitation than the donor defect, the shift of the acceptor defect mode will become comparable to that of the donor defect mode, leading to a sharp increase in the overall transmission and triggering the second up transition in the transmission. Of course, other conditions are needed for the observation of a high transmission. One of them is that the field amplitudes in the two PC atoms ͑or the oscillations of the two defect modes͒ should not be out of phase. Otherwise, the transmission will be reduced to some extent due to the dynamical shifts of the two defect modes. It can be seen that the state with a high transmission is not stable against the increase of the input power density. When the input power density is further raised, the two defect modes are separated again. A sharp decrease of the overall transmission occurs when the separation of the two defect modes becomes sufficiently large. It results in the down transition in the transmission observed at ϳ0.076 W / m. As a result, the PC molecule is recovered to the state with a low transmission. Since the dynamics of nonlinear PC molecules is quite complicated, further analyses and simulations are necessary to quantitatively explain this abnormal phenomenon.
In addition to the abnormal transmission behavior shown in Fig. 7͑b͒ , we also found other abnormal behaviors in the numerical simulations. One of them is that the nonlinear PC molecule cannot reach a steady state at some excitation power densities. In this case, the output of the PC molecule oscillates harmonically with time and we can only obtain an average transmission. In Fig. 7͑b͒ , we have indicated by shadows the regions containing unstable states. In addition to the unstable output power, we have also observed that the field distribution in the donor defect rotates with time. It is confirmed that such a rotation is responsible for the unstable output. However, the physical reason for the rotation is unclear and the study of this phenomenon is beyond the scope of this paper. Obviously, a detailed analysis of the dynamics of such nonlinear PC molecules is necessary from the viewpoints of fundamental research and device application.
X. CONCLUSION
In summary, we have investigated the unidirectional transmission behavior of PC molecules consisting of nonlinear defect pairs by the CMT and the FDTD technique. It is found that transmission contrasts exceeding the upper limit of single asymmetrically confined PC atoms can be achieved in such PC molecules. In addition, it is shown that the tolerance of the resulting all-optical diodes against the fabrication error is reasonable for the present fabrication technology. More importantly, a significant improvement in the threshold transmission and figure of merit can be achieved by deliberately choosing the defect pairs. Some abnormal and interesting transmission behaviors have been observed in the PC molecules without air defects, and detailed analyses are necessary for further understanding these phenomena.
